Cobalt-, zinc-, and nickel-zinc-substituted nano-size manganese ferrite powders, MnFe 2 O 4 , Mn 0.8 Co 0.2 Fe 2 O 4 , Mn 0.8 Zn 0.2 Fe 2 O 4 and Mn 0.8 Ni 0.1 Zn 0.1 Fe 2 O 4 , were fabricated using a sol-gel method, and their crystallographic and magnetic properties were subsequently studied. The MnFe 2 O 4 ferrite powder annealed at temperatures above 523 K exhibited a spinel structure, and the particle size increased as the annealing temperature increased. All ferrites annealed at 773 K showed a single spinel structure, and the lattice constants and particle size decreased with the substitution of Co, Zn, and Ni-Zn. The Mössbauer spectrum of the MnFe 2 O 4 ferrite powder annealed at 523 K only showed a doublet due to its superparamagnetic phase, and the Mössbauer spectra of the MnFe 2 O 4 , Mn 0.8 Co 0.2 Fe 2 O 4 , and Mn 0.8 Zn 0.2 Fe 2 O 4 ferrite powders annealed at 773 K could be fitted as the superposition of two Zeeman sextets due to the tetrahedral and octahedral sites of the Fe 3+ ions. However, the Mössbauer spectrum of the Mn 0.8 Ni 0.1 Zn 0.1 Fe 2 O 4 ferrite powder annealed at 773 K consisted of two Zeeman sextets and one quadrupole doublet due to its ferrimagnetic and paramagnetic behavior. The area ratio of the Mössbauer spectra could be used to determine the cation distribution equation, and we also explained the variation in the Mössbauer parameters by using this cation distribution equation, the superexchange interaction and the particle size. Relative to pure MnFe 2 O 4 , the saturation magnetizations and coercivities were larger in Mn 0.8 Co 0.2 Fe 2 O 4 and smaller in Mn 0.8 Zn 0.2 Fe 2 O 4 , and Mn 0.8 Ni 0.1 Zn 0.1 Fe 2 O 4 . These variations could be explained using the site distribution equations, particle sizes and magnetic moments of the substituted ions.
Introduction
Ferrites are important materials because they are relatively inert and their properties can be tailored via chemical manipulations. Ferrites have a spinel crystal structure (space group Fd3m) in which the O 2− ion lattice forms areas with tetrahedral and octahedral local symmetry, and these are respectively referred to as A and B sites in the spinel formular AB 2 O 4 . For example, manganese ferrite, MnFe 2 O 4 , has a spinel crystal structure and has been used extensively in microwave and magnetic recording applications. In a normal spinel structure, divalent ions (Mn
2+
) only occupy the A sites, and trivalent ions (Fe 3+ ) only occupy the B sites. In an inverse spinel structure, divalent ions occupy half of the B sites, and trivalent ions occupy the rest of the B sites and all A sites. In MnFe 2 O 4 prepared at high temperatures (> 1,173 K), 20 % of the Mn 2+ ions migrate from the A to B sites, which means that MnFe 2 O 4 may be characterized as a mixture of normal and inverse spinel ferrite [1] [2] [3] . Cobalt ferrite, CoFe 2 O 4 , has a cubic spinel structure and has been extensively studied due to its interesting magnetic properties. Cobalt ferrite is basically an inverse spinel for which the corrected cation distribution becomes (Co 0.1 Fe 0.9 )[Co 0.9 Fe 1.1 ]O 4 . The degree of inversion thus depends on its thermal history. Cobalt ferrite has been regarded as a competitive alternative for high-density magnetic recording media due to its high coercivity, moderate saturation magnetization, remarkable chemical stability, and mechanical hardness [4, 5] [6] [7] [8] . Several approaches have been exploited to obtain more usable magnetic materials, including adjusting the substitution ions and ratio through the use of various synthesis methods. One of the advantages of using the sol-gel method is that a lower annealing temperature can be used to enable the growth of smaller grained powders. Thus, the sol-gel method can provide a multi-component oxide with a homogeneous composition, and it has been employed to prepare many high purity oxide powders, including some products with spinel-type structures [9, 10] . Recently we also studied nickel substituted effects on Co, Mn, MnZn ferrites synthesize by sol-gel method [11, 12] . In this study, the sol-gel method is used to synthesize the magnetic and nonmagnetic ion substituted manganese ferrites. The cobalt-, zinc-, and nickel-zinc-substituted nano-size manganese ferrite powders - 2 O were first dissolved in 2-Methoxyethanol with an ultrasonic cleaner for 30-50 min. The solution was refluxed at 353 K for 12 h in order to gel, and was dried at 363 K in a dry oven for 24 h. The dried powder samples were ground and annealed at various temperatures for 6 h, and all heat-treatment processes were carried out in an N 2 atmosphere to prevent the oxidation of the anion ions. A large amount of N 2 gas flowed early in the annealing process to remove the oxygen inside of the quartz tube and to emit the gas from the dry powder. In order to verify the purity, all samples were analyzed using an Xray diffractometer with Cukα (1.54 Å) radiation. The surface microstructure was observed using FESEM at room temperature, and the Mössbauer spectra of the powders were recorded with a
57
Co source in a constant acceleration mode to identify the magnetic phase of the ferrite powders. The saturation magnetization and the coercivity were then determined via VSM. Figure 1 shows the X-ray diffraction patterns of the MnFe 2 O 4 ferrite powders annealed at various temperatures, and the main peaks of the MnFe 2 O 4 ferrite powders annealed above 523 K indicate a typical spinel structure. An increase in the annealing temperature leads to a sharpening of the major peak, which indicates the growth of the particle size of the spinel powders and an improvement in crystallization. The X-ray diffraction patterns of the Mn 0. Fig. 2 . The X-ray diffraction measurement shows that all peaks are consistent with those of typical spinel structures of ferrite powders, and no extra peaks corresponding to any secondary phase could be observed. The lattice constant of the MnFe 2 O 4 ferrite powder annealed at 773 K is 0.848 nm. As shown in Table 1 , with an increase (0.072 nm), Ni 2+ (0.069 nm) and Zn 2+ (0.082 nm) ions, leading to a decrease in the lattice constants. The size of the particles was then determined from the broadening in the diffraction peak by using the Scherrer equation [14] , t = (0.9λ)/(B cosθ B ), where λ represent the X-ray wavelength, B is the half width of the (311) peak, and θ B is the angle of the (311) peak. The particle size of the This increase leads to a broadening of the major X-ray diffraction peak, that is, a growth in the smaller particle size of our spinel powders as well as an improved crystallization. All this also suggests that the manganese, manganese-cobalt, manganese-zinc and manganese-nickel-zinc ferrite powders synthesized via the sol-gel method have particle sizes ranging from 25.0 nm to 90.9 nm, which are smaller when compare to those of powders obtained using ceramic and wet chemical methods. As shown in Fig. 3 , the shape of the grains of the ferrites can be confirmed via FESEM with 100,000 times magnification. All samples have nano-size grains of a nearly homogeneous size, and the grain size increases with the cobalt, zinc, and nickel-zinc substitution. The Mössbauer spectra measured at room temperature for the MnFe 2 O 4 powder annealed at 523 K, as shown in Fig. 4 , is attributed to its paramagnetic behavior. This comes from having a small particle size, and superparamagnetic properties were confirmed with the low temperature Mössbauer spectra. The spectrum slowly changed from doublets at 180 K to Zeeman sextets below 50 K. Figure 5 shows the Mössbauer spectra that were measured at room temperature for are fitted with two six-line subspectra, and these are assigned to the tetrahedral A site and octahedral B sites of a typical spinel crystal structure. As shown in Fig. 5 (d) the Mössbauer spectrum for Mn 0.8 Ni 0.1 Zn 0.1 Fe 2 O 4 is fitted with two sextets and one doublet. The Mössbauer absorption spectra can be explained to be the result of a variation in the magnetic phase that is dependent on the particle sizes. As shown for Mn 1−2x Zn x Ni x Fe 2 O 4 ferrite powders [14, 15] , the doublet originates from the small particle size, and superparamagnetic properties are confirmed with the low-temperature Mössbauer spectra. As shown in Table 2 , the values of the quadruple splitting (QS) and isomer shift (IS) of the A and B sites exhibited a small change with the cobalt, zinc, and nickel-zinc substitution. However, the values of the magnetic hyperfine fields (H hf ) of the cobalt-substituted sample increased some in the A and B sites, while the values of the magnetic hyperfine fields of zinc and nickel-zinc substituted samples decreased in the A and B sites. This variation in the values of the magnetic hyperfine fields indicates that the A-O-B superexchange (5 μ B ) with a greater magnetic moment ions by the Co 2+ (3 μ B ) with lesser magnetic moment ions could be expected to reduce the saturation magnetization. Therefore, the results of this work do not support this explanation. However, the XRD and SEM As a result of these two effects, the saturation magnetization decreases slightly with Ni and Zn substitution [19] , and the coercivity (105.8 Oe) of the Mn 0.8 Ni 0.1 Zn 0.1 Fe 2 O 4 ferrite powder is smaller than that of pure MnFe 2 O 4 , which could also be related to the particle size [17, 19] . The superparamagnetic phase resulting from the smaller particle size changed to a ferrimagnetic phase, as confirmed by the Mössbauer spectra. These results reflect a relatively low coercivity when compared to the value for MnFe 2 . These variations could be explained by using the site distribution equations, particle sizes and magnetic moments of the substituted ions.
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